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Abstract 
As demand for alternatives to petroleum fuels increases to meet renewable fuel policy requirements (an attempt to address global 
climate change concerns) both agricultural production of biofuel feedstock and feedstock-to-fuel conversion pathways must be 
examined for both energy efficiency and sustainability. The overarching agricultural method evaluated in this research is that of 
cultivating low-input biofuel feedstock on marginal lands. With a growing body of literature on sunflower crops cultivated on 
marginal land, as well as previous work by these researchers, describing positive overall outcomes, this study extended the scope 
of that previous research conducted by this group, specifically, examining low-input sunflower feedstock production on 
abandoned mine lands in the Appalachia, and subsequent feedstock conversion to diesel fuel alternatives. 
The previous life cycle assessment (LCA) demonstrated that growing sunflower feedstock on a specific abandoned coal mine 
refuse pile in Appalachia for production of biodiesel would be environmentally sound and net-energy positive if conducted with 
low input agricultural practices, and if production continues five years after initial soil amelioration [1]. This LCA normalized the 
data and generalized the method in order to apply them to over 1000 coal mine refuse piles in three Appalachian states located 
through global information systems (GIS). Additionally, this study included two conversion pathways for diesel replacement 
biofuels, namely transesterification of sunflower oilseed for biodiesel production – included in the original LCA – and fast 
pyrolysis of sunflower silage for green diesel production – new to this study.  
The results of this study indicate when cultivating sunflower feedstock for biodiesel production on the average coal refuse pile in 
the Appalachian region produce approximately 11.6 barrels of biodiesel, plus 18.5 barrels of green diesel, with a similar 
environmental impact landscape to that of the specific site explored in the original LCA. Including the additional biofuel pathway 
of fast pyrolysis does alter the energy return outlook for the average Appalachian site, depending on the transportation distances 
and yields, the energy return varies greatly between sites, however overall environmental impacts only increase nominally. Site 
by site evaluation should be conducted before implementation to ensure the benefits outweigh negative impacts and a positive 
energy return is achieved. 
Because of the approximately 32 thousand barrels per year of renewable diesel biofuel which could be produced from 6642 ha of 
coal refuse piles in only three states, it is highly recommended that the US Environmental Protection Agency (EPA) consider 
expanding the Renewable Fuel Standard (RFS) to include biofuel production on marginal land for Renewable Identification 
Number (RIN) assignment.  
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1. Introduction 
Using marginal lands to cultivate low-input biofuel feedstocks has the potential to improve US land and resource 
management while contributing to domestic energy production [2,3]. Food crops and prime land are not diverted to 
fuel production, while minor ecosystems services and value producing activities are brought to otherwise unused 
and often environmentally degraded (i.e. marginal) lands. Life cycle assessment (LCA) is a method for quantifying 
the environmental impacts and unintended consequences of a product or service throughout its life-cycle. A previous 
LCA by two of this study’s authors demonstrated that cultivating sunflower feedstock on a 26 hectare (ha) 
abandoned coal mine refuse pile located in Mather, Pennsylvania, and subsequent production of biodiesel through 
transesterification, could be environmentally sound and net-energy positive if conducted with low input agricultural 
practices and production continues for at least five years after initial soil amelioration [1]. 
This study expands upon the previous LCA by applying the model to aggregated abandoned mine land (AML) 
data from three Appalachian states (Pennsylvania, Virginia, and West Virginia) using global information systems 
(GIS). Different land use strategies are compared, including removal of mine refuse to a landfill, covering the mine 
refuse with soil, and finally using the AML to generate biodiesel from sunflower oilseed and green diesel via fast 
pyrolysis of sunflower stover (plant residue remaining after oilseed harvest). 
 
Nomenclature 
LCA Life cycle assessment 
GIS Global information systems 
EROI Energy return on investment 
AML Abandoned mine land 
TRACI Tool for the reduction and assessment of chemical and other environmental impacts 
RFS Renewable fuel standard 
 
AML, including mine refuse piles, occupy over 600,000 sites and 3 million hectares in the United States resulting 
in acid and toxic mine drainage causing severe ecosystem deterioration [1,4]. The Environmental Protection Agency 
(EPA) has regulated mine closures and associated refuse piles since the Surface Mining Control and Reclamation 
Act of 1977 (SMCRA) and Clean Water Act of 1972 (CWA). However, there is much “legacy mine land” still 
remaining throughout the U.S., particularly in the Appalachians, still in need of reclamation or other value creating 
activities.  
Cultivating sunflower biofuel feedstock on marginal lands, including coal mine refuse piles, has been 
experimented and is becoming a valid model for reclaiming coal mine refuse piles, while producing a notable 
amount of biofuel [1,3,4]. Sunflower biomass can be converted into biofuel through various methods, including 
extracting the oil from the oilseed and performing transesterification to produce biodiesel, or collecting the 
sunflower stover (or refuse) after seed harvest for fast pyrolysis conversion into green diesel [5,6]. Both biodiesel 
and green diesel are accepted petroleum diesel replacement fuels, each with its own merits and tradeoffs. For the 
scenario proposed in this study, both fuel conversion pathways will be included in the model. 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Method 
This study uses an LCA framework to evaluate different land use strategies for AML. The LCA was conducted 
iteratively using four stages: 1. goal and scope definition, 2. inventory analysis, 3. impact assessment, and 4. 
interpretation. Inventory data was collected from AspenONE models for fast pyrolysis of stover to green diesel, GIS 
data for AML area and transportation distances, and sunflower yield estimates from previous studies on the site.  
2.1. Goal, Scope, Functional Unit, and System Boundary 
The goal of this LCA was to expand the scope of a previous Life Cycle Assessment of Sunflower Cultivation on 
Abandoned Mine Land for Biodiesel Production that determined “if cultivating and processing biodiesel from 
oilseed sunflower feedstock using sustainable dryland agricultural practices on abandoned coal mine refuse mixed 
with 10% bauxite residue is beneficial from a life cycle perspective” to include additional Appalachian AML and 
biofuel conversion pathways [1]. The scope of this study includes coal mine refuse pile sites from three Appalachian 
states (Pennsylvania, Virginia, and West Virginia) and process-based attributional gate-to-gate assessment of 
amelioration, cultivation, and conversion processes. Thus, this LCA evaluated environmental impacts resulting from 
the proposed biofuel production cycles and the energy return outlook. Impacts from sunflower-derived biofuel 
produced from treated AML were then compared to complete coal mine refuse pile land restoration (i.e. complete 
removal of all coal mine refuse) impacts, soil-covering reclamation, and also to other biodiesel production methods’ 
impacts. 
The functional unit remained the same as the previous LCA: biodiesel production per year per unit AML area in 
kilograms (and liters) of fuel per hectare (kg/ha and l/ha). Biodiesel production per unit area was chosen as the 
functional unit because the land choice (i.e. marginal land) was the primary element of investigation, and kilograms 
of biodiesel was chosen for modeling purposes, while liters of biodiesel was included for literature comparison. [1]. 
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Fig. 1. System Boundary Diagram. Blue boxes represent system and unit processes; Light orange boxes represent products from the processes; 
Grey boxes represent inputs and outputs; Green box represent the functional unit; Arrows represent the flow of system. Items within and without 
the blue boxes are included and not included in the LCA model, respectively. 
2.2. Inventory, Impact Assessment, and Interpretation 
Inventory data collection was conducted through an extensive literature review, an ecoinvent 3 database search, 
preliminary AspenONE (engineering optimization software) modeling, and governmental agricultural databases [7]. 
All efforts were made to ensure the reliability and suitability of the data input into the model. 
Impact assessment was completed using the Tool for the Reduction and Assessment of Chemical and other 
environmental Impacts (TRACI 2.1 V1.01) and Cumulative Energy Demand (CED 1.8) impact characterization and 
evaluation methods. Three of the TRACI impacts (ozone depletion, global warming, and ecotoxicity) and one CED 
impact (cumulative energy demand PRé v1.02) were calculated and analyzed. (The previous LCA conducted a 
sensitivity analysis on several other impact characterization and evaluation methods including ReCiPe Midpoint 
V1.08 and BEES+ V4.03 with results of the analysis showing minimal variation between the LCIA methods.) 
The results of the LCA model were analyzed, evaluated, and interpreted as described in section 4. Results and 
Discussion. Sensitivity analysis was conducted on the minimum and maximum transportation distances between 
materials and processes sites, and normalization with other related system impacts was conducted.  
3. Life Cycle Inventory (LCI) 
Table 1. summarizes the land and dimensional data collected and calculated for this study. 
     Table 1. Life Cycle Inventory: Land and Dimensional Data 
Land and Dimensional Data Description Value Unit Source 
Area Functional Unit 1 Hectare (1 ha = 10000m2) - 
Time Function Unit 1 Annual Production Cycle - 
Bauxite Residue Mass per Hectare 371.35 Metric Tons per Hectare [1] 
Average Bauxite Residue Transport Distance 250 Kilometers [8,9,10,11], GIS Analysis 
Sunflower Seeds for Sowing per Hectare 3 Kilograms per Hectare [1] 
North Dakota Center to Appalachia Center 2500 Kilometers Google Earth 
Methyl Parathion Use per Hectare 0.6 Kilograms per Hectare [1] 
Wayne, NJ to Appalachia Center 750 Kilometers Google Earth 
Average Feedstock Transport Distance 155 Kilometers [8,9,10,11], GIS Analysis 
Mather Coal Mine Refuse Pile Area 26 Hectares [1] 
- Refuse Volume per Hectare 88462 Cubic Meters per Hectare [1] 
- Refuse Mass per Hectare 232654 Metric Tons per Hectare [1] 
Mather, PA to Chestnut Valley Landfill, PA 27 Kilometers [1] 
Soil Covering for a Depth of Two Feet (Volume) 7352 Cubic Meters per Hectare [1] 
- Soil Covering for a Depth of Two Feet (Mass) 8822 Metric Tons per Hectare [1] 
Mather, PA to Ryerson Station State Park, PA 44 Kilometers [1] 
Total PA, VA, & WV Coal Mine Refuse Pile Area 6643 Hectares Calculation 
- Total PA Coal Mine Refuse Pile Area 3281 Hectares [8] 
- Total VA Coal Mine Refuse Pile Area 393 Hectares [9] 
- Total WV Coal Mine Refuse Pile Area 2969 Hectares [10] 
- Total PA, VA, & WV Coal Mine Refuse Pile Sites 1061 Coal Refuse Piles [8,9,10] 
Average PA, VA, & WV Coal Mine Refuse Pile Area 6.26 Hectares Calculation 
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Table 2. summarizes the biomass and bioenergy data collected and calculated for this study. 
     Table 2. Life Cycle Inventory: Biomass and Bioenergy data 
 
Biomass and Bioenergy Data Description Value Unit Source 
Sunflower Grain Yield Estimate 500 Kilograms per Hectare [1] 
- Grain Yield Area Estimate 0.65 Cubic Meters per Hectare [1] 
Sunflower Oil Yield Estimate 211 Kilograms per Hectare [1] 
Sunflower Biodiesel Yield Estimate (Mass) 190 Kilograms per Hectare [1] 
- Biodiesel Yield Estimate (Volume) 221 Liters per Hectare [1] 
Average Sunflower Stover:Grain Ratio 2.19 Ratio [13,14,15,16], Calculation 
Sunflower Stover Yield Estimate 1095 Kilograms per Hectare Calculation 
- Corn Stover Wet Density on Truck 127 Kilograms per Cubic Meters [17] 
- Sunflower Stover Yield Estimate (Area) 8.6 Cubic Meters per Hectare Calculation 
Sunflower Green Diesel Yield Estimate (Mass) 275 Kilograms per Hectare AspenONE Estimate 
- Green Diesel Density 0.78 Kilograms per Liter [6] 
- Sunflower Green Diesel Yield Estimate (Volume) 352 Liters per Hectare Calculation 
Sunflower Total Feedstock Yield Estimate 1595 Kilograms per Hectare Calculation 
- Sunflower Total Feedstock Yield Estimate (Area) 9.3 Cubic Meters per Hectare Calculation 
Sunflower Diesel Biofuel Yield Estimate (Mass) 465 Kilograms per Hectare Calculation 
- Diesel Biofuel Yield Estimate (Volume) 573 Liters per Hectare Calculation 
- Diesel Biofuel Energy Yield Estimate 19 Gigajoules per Hectare [1], AspenONE Estimate 
Sunflower Diesel Biofuel Yield Estimate (Barrels) 31924 Barrels per Year Calculation 
- Total PA, VA, & WV Coal Mine Refuse Pile 
Sunflower Diesel Biofuel Yield Estimate (volume) 
3.8x106 Liters per Year Calculation 
- Liters per Barrel 119.24 Liters per Barrel Unit Conversion 
Sunflower Diesel Biofuel Yield Estimate (Energy) 120 Terajoules per Year Calculation 
 
Tables 3., 4., 5., 6., 7.,  and 8. summarize the reference flows and ecoinvent 3 processes used for this study.  
     Table 3. Land Amelioration Processes and Flows 
Land Amelioration Process Value per FU Unit ecoinvent 3 Process (Alloc Def, U) 
Transport of Alkaline Clay (Avg) 92837 tkm Transport, freight, lorry >32 metric ton, EURO5 (RoW) 
- Transport of Alkaline Clay 
(Mather) 
98607 tkm Transport, freight, lorry >32 metric ton, EURO5 (RoW) 
Spreading of Alkaline Clay 371348 kg Solid manure loading and spreading, hydraulic (RoW) 
Mixing of Alkaline Clay (2 Runs) 20000 m2 Tillage, ploughing (RoW) 
     Table 4. Seed Preparation Processes and Flows 
Seed Preparation Processes Value per FU Unit ecoinvent 3 Process 
Seed Manufacture 3 kg Sunflower seed, for sowing (GLO) 
Seed Transport 7.5 tkm Transport, freight, lorry 16-32 metric ton, EURO5 (RoW) 
Seed Sowing 10000 m2 Sowing (RoW) 
     Table 5. Pest Control Processes and Flows 
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Pest Control Processes Value per FU Unit ecoinvent 3 Process 
Pest Control Manufacture 0.6 kg Pesticide, unspecified (RoW) 
Pest Control Transportation 0.45 tkm Transport, freight, lorry 16-32 metric ton, EURO5 (RoW) 
Pest Control Application 10000 m2 Application of plant protection product,field sprayer (RoW) 
     Table 6. Agricultural Production Processes and Flows 
 
Agricultural Production Processes Value per FU Unit ecoinvent 3 Process 
Harvesting 10000 m2 Combine harvesting (RoW) 
Drying 0.65 m3 Drying of bread grain, seed and legumes (RoW) 
Storage 1595 kg Operation, dried roughage store, non ventilated (RoW) 
- Storage (Mather) 500 kg Operation, dried roughage store, non ventilated (RoW) 
 
The addition of three unit processes to the biofuel production system process were required to include the 
additional conversion pathway of fast pyrolysis to green diesel: Fast Pyrolysis Energy, Fast Pyrolysis Hydrogen, and 
Fast Pyrolysis Zeolite Powder. 
     Table 7. Biofuel Production Processes and Flows 
 
Biofuel Production Processes Value per FU Unit ecoinvent 3 Process 
Feedstock Transportation (Avg) 247 tkm Transport, freight, lorry 16-32 metric ton, EURO5 (RoW) 
- Feedstock Transportation 
(Mather) 
46 tkm Transport, freight, lorry 16-32 metric ton, EURO5 (RoW) 
Oil Extraction 211 kg Soybean oil, soybean meal and crude oil production (US)  
Transesterification 189.9 kg Vegetable oil methyl ester, esterification of [mod.] oil (US) 
Fast Pyrolysis Energy 299 MJ Electricity, high voltage (RFC) 
Fast Pyrolysis Hydrogen 50 kg Hydrogen, liquid (GLO) 
Fast Pyrolysis Zeolite Powder 12 kg Zeolite, powder (GLO) 
     Table 8. Alternate and Normalization Processes and Flows 
 
Alternate and Normalization 
Processes 
Value per FU Unit ecoinvent 3 Process 
Alternate Scenario (Removal)    
Refuse Extraction 88462 m3 Excavation, hydraulic digger (RoW) 
Refuse Transport 6739563 tkm Transport, freight, lorry >32 metric ton, EURO5 (RoW) 
Alternate Scenario (Covering)    
Soil Extraction 7352 m3 Excavation, hydraulic digger (RoW) 
Soil Transport 387586 tkm Transport, freight, lorry >32 metric ton, EURO5 (RoW) 
Soil Spreading 8821787 kg Solid manure loading and spreading, hydraulic (RoW) 
Normalization Processes    
Soybean Biodiesel Production 465 kg Vegetable oil methyl ester, esterification of soybean oil (US) 
Petroleum Diesel Production 465 kg Diesel, low-sulfur (RoW) 
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Rough estimates were calculated for the inputs and outputs from fast pyrolysis of sunflower stover using 
AspenONE modeling. Data used for calculating the inputs and outputs is summarized in Table 9.  
     Table 9. Data for Fast Pyrolysis AspenONE Modeling 
Data Description Values Unit Source 
% Hemicellulose, Cellulose, Lignin 3.2, 31.5, 7.5 Percentage [18] 
% Carbon (C), Hydroden (H), Oxygen (O), 
Nitrogen (N), and Sulfur (S); Dry 
34.3, 5.7, 45.6, 1.0, 0.2 Percentage [18] 
% Moisture Content 72.5 Percentage [18] 
% C,H,O,N,S of Biochar 63.4, 0.7, 34.3, 1.6, 0.1 Percentage [19] 
Heating Value of Biochar 20.5 Megajoules per Kilogram [19] 
3.1. Geographic Information Systems (GIS) 
GIS software was used to locate data on abandoned coal mine refuse piles, bauxite processing facilities, and 
biofuel production facilities in or near the Appalachian region. Data from three states (Pennsylvania, Virginia, and 
West Virginia) was used for aggregating abandoned coal mine refuse pile information, data from the US Geological 
Survey (USGS) was used to locate the nearest bauxite processing plants, and data from the US Department of 
Agricultural (USDA) was used to locate the nearest biofuel production facilities. Fig. 2. is a map of the region with 
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Fig. 2. GIS Map of the Appalachian Region of the US with Coal Mine Refuse Piles (green), Bauxite Processing Plants (red), and Biofuel 
Processing Facilities (orange) 
4. Results and Discussion/Interpretation 
This LCA determined that producing sunflower feedstock on abandoned coal mine refuse piles treated with 
bauxite residue for the purpose of biofuel production was feasible, assessing whether this strategy would be 
environmentally sound. The results showed notable environmental impacts from the land amelioration and 
agricultural production processes over a twenty year production cycle, though the impacts are minimal when 
compared to complete traditional land reclamation. 
 
 
Fig. 3. Environmental Impact Perspective. Normalized to first year of production; Black enclosed blue area with percentage indicates amount of 
impact from transportation of bauxite residue (conducted only once on the first year during land amelioration) 
Fig. 3. shows that the majority of first year impacts result from the transportation of the bauxite residue, while the 
agricultural and biofuel processing begin to take over as they continue to grow annually as seen in the cumulative 
twenty year impacts. Since these are impacts resulting from average transportation distances, the impacts could be 
reduced by locating feedstock cultivation near biofuel production facilities and aluminum processing facilities. 
Further analysis will expand the impact categories considered and include stochastic modeling to include the 
distribution of transportation distances considered. 
 
877 Tyler M. Harris et al. /  Procedia Engineering  118 ( 2015 )  869 – 878 
 
Fig. 4. Environmental Impact Normalization. Impacts normalized to complete removal of mine refuse impacts. 
Fig. 4. revealed that environmental impacts from the new model are still significantly lower than the alternate 
scenario models. Fig. 4 also revealed the impacts from other diesel fuel options are similar over a twenty year period 
to those proposed in this study. The impacts resulting from the original site study are slightly lower (>1%) than that 
of the average Appalachian site explored in this study. This resulted mainly from the addition of three fast pyrolysis 
unit processes for the production of green diesel from sunflower stover in this study, as the average transportation 
distances are similar to those considered for the Mather site. However, the slight increase in impact from additional 
green diesel production resulted in an additional 382 liters per hectare of biofuel (159% increase), for a total diesel 
biofuel yield of 573 liters per hectare, or 19 gigajoules of energy per hectare.  
When this biofuel yield estimate was applied to the 1061 sites located in the three Appalachian states, the total of 
6643 hectares of abandoned mine land should produce nearly 32 thousand barrels of diesel biofuel per year, or 120 
terajoules per year. Because of this, it is highly recommended that the US Environmental Protection Agency (EPA) 
consider expanding the Renewable Fuel Standard (RFS) to include biofuel production on marginal land for 
Renewable Identification Number (RIN) assignment. 
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